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the axtresxs wrtieal extertc~102 feet) of the unseparated shale strata,
which all=~s little knewledge er preventive control of unproductive up-
ward @r dmaward excursion oi the iraceure, at the expense ai &he dissired

horimntizi prep.wnion at che depth Qf Ehe casing perfaracions.



Although controlled ~chods of testi~ shaped charges for casing
perforation have lcmg been ●sc,tbllshed.s these char~es have been so
dniturized that they geoecally comaim less than an ounce of RDX or
cqarable explosive. Thus the C80C firing~ can be c~letely contained

uithin reusable apparatus, and the expendable targets Q1OY ordinary

●iaed core speck or othewise manageable ass~Ues of casing and

~t. For the •i~fg of shapad charge with which we ●rs involved.

~ver. past wxk aimrd at emloration of =inin@ and other ●xca-
watiom applictitims in geologic materials has been mch les6i w1l

●tandardizcd or refined. ‘nlndoormm work is quite impractical. and ●ven

the procurcc=ent and handling of bmldcss of sufficient size to sunriva

the ●fter~ffects of Jcr pcm;ratim by ● shaped charge have not beori

mifomly satlafactory.

In our initial experkmsnt with shaped charges having face di-ters
frm 13.8 cn {5.4 inches) te 33 C= (13 inches), chc jets were tired
vertically d~ard An:= ::c =iirfactiU: .Ssoiid rock (lmmtane) out-
cropping. The resulting p.mctrations were recovered by ●tabilizkag them
vith poured ~rout and then mcrcorf,ng.
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Mmherical Linad Cavities

Tba rnt~l-lined cavitia- of shaped charges wed for perforation of
CMSiSq and in o:kr conventional. metal-penetrating applications are
-rally conical in ahapa, albeit with the apex rounded to S= appre-
ciable radius of cunrature. The explosive component of the charge is
alao of simple cylindrically smtric design. It is ignited on the
~ at the rear faca and the demnation adv~;: es along the outside of

tJM come from the apex to the base, progressively collapsing the wall unto
tha 8xis and ejecting the innemost portion of the liner forward as a
jet. The tip of the Jet originates first from near the cone apex and the
jet l~th increases by addition ofmateriaA from f.]rther along the liner.
uhich la capre~sed to tho axis later. It Lu characteristic of the jets
fra these conical chcrges that precise dimemlonal control IS needed in
fabricating the liner and assembling it into the cxplosiva colmn, because
~etn degrades the straightness of the jet and thereby its ability to
pematrate.

Our reference shapu for makins hiahly penetrating Jets 1s a hemi-
spherical metal shell wnlch is compressed simultaneously by detonation
of expqosivc over ics outer suriace. This design is axially compact and
thus inherently suited to fitting transversely within r.wcllboru. In
c~arison with conical charue jets. the jet from this hemispherical con-
f~uration is formed 9uadcn!y as the entire liner m:lssconwrrges. A
treater fraction ofthc=ccal is includud in the j~t. and that material
●t low velocity is less prone to remain intact a:ta SIUR or “carrot”.

Target Natcrials Cwnparisc~

-4-



●imlanta to each other. Coree of shale or other rocks ●re ~mod

Imto closely fitting steel slaoves which ●re capped by extermlly bolted
12.7 m (0.5 inch) steel places. Spec~n diameters of 9 to 10 cm have
been uaed whenever the available coree permitted ft. with 6.3- (0.25
IncN thick sleeve walls, which did not permanently deform in the tests.
Although thie eize and mode of encae~nc of the cores were s~lar co
those ●mbodied (for Berea sandstone) in API W-43. Section 2 , our
pu~oae was to compare target materials with a fixed shaped charge,
rather t~n to test different perforator ~hargee or the flm character-

istics of fluids through tht perforations. Accordingly, we conducted
our tests dry (as in API RP-43, Section 1), and with the shaped charae
fired in air and separated from the target rock or grout by a 24.4 m
(1.0 inch) diam drilled hole in the steel face place. After firing
end removal of the end places, the sleeve was readily slit dimtrically
emd the perforated specimen split open for examination of it< geatry,
state of cmpaction and other trauma, presence and condition of jet
debris. etc. Fig. 4 shins such penetration in two specimens of Devonian
shale, both oriented perpendicular to the natural bedding, as determined
by the available cores.

‘fable 1 aumerizcs our comparative penetration data obtained by
this method, using Velex D.P. HT-1 charges, in several specimen types
involved

(1)

(2)

(3)

(4)

in this study. Several results are indicated:

Among the rocks and the stronger grout, the penetration depths
●re within the range 160 t 35 -.

The limestone rcprcsentativc of the outcrop site used in our
initial full-scale text is the least penetrable of these targets.

The wmk magnetite Urout used as the target for optimizing
uranium liner chickncss {Fig. 3) is more than cwicc as penetrable
ae the shales.

The dense, high strength grout is a satisfactory target material
for simulaclng the punutration behavior of shale.

-5-



shale and limestone specimens, the utility of the pfior data base lies
In the fact that for each target material included , the same ratios
of penetrations have generally been achieved among a given range of per-
forator charges. We My utilize this emperical systematizaciori,and our
data from Table I, Fig. 3, and our full-scale hemispherical charge test
with 1.5 ma liner thickness to estimate the penetration depth to be ex-
pected into Devonian shale with such a charge. This computation is
traced in Table II. Constancy of the ratio of penetrations by the two
charges is seen co be 2 15% from the mean for two materials whose
penetrabilities are more than a factor of 3 apart, and bracket that of
gas bearing shales.

Advanced Cavitv Design

To fulfill the need for a high-performance jet to attack difficultly
penetrable, tight formations, we are developing an advanced uranium-lined
shaped charge design for open-hale =se. ‘ibisdesign has the same > *ri of

slmpl.ejacketed explosive shape as is used with a conical liner. However,
the liner is smoothly curved in a comparatively shallow cavity. It is
t%ickest on the charge ax.s and tapered toward the rim. so that the
&zi\utcingdetonation front accelerates progressively thf.nnarmetal to
prog~essively higher velocities. The result is similar co that achieved
by the hemisphericalcharge described in an earlier section. There is
nearly simultaneous canvergecce oi the liner onto the axis, and rapid
formation of a jet containing a large fraction oi the liner mass, leaving
little Fossi.ilfty of formation of a slug. Zven zreater latitude in cii-
menslonal tolerances are admissible than with the hemispherical system.

Whereas the shape of a conical liner is basicaily .sTecified(but for
the rourded apical region) 5!:the cone angle and wall thickness, and t!,e
hemispherical s:ystenlikewise by the radius and thickness, the tapcrt’d
liner for forming :]j~,tis r,.)t Sir,ply p~ran..tcriccd. S,:ris its motion
to be anal::zcdnathematic:l.1’~itlCIOSCJ form. iil:ii snced, high stora,se
cnmputer treatment of the two dimensional h..’uro~yr~:~qicsoi the expiosivc
and metal system is used to select tindoptimize liner contours for
fabrication and testing.

-6-



Fig. 5 shows the ,ontours of the liner, explosive, and steel outer
jacket, together with computed contours of the deformed liner at times
of its flight just before peak convergence and acceleration, and just
after relaxation of tilepeak pressures and attainment of the ultimate
axial velocity distribution. These contours, in proper spatial separ-
ation, are circumscribed by a hypothetical 15 cm (6 inch) diam weJ.lbore.
Subsequent elongation of the jet, in air and hopefully in rock, will
occur as a kinematic consequence of the range of velocities imparted to
the jet material within the notion pictured.

Remaining Problem Areas

Velocity Threshold for penetration

The finding that Devonian shale and indeed many other brittle rocks
have such a combination of dynamic compressive strength and lack of
porosity as to be among the less penetrable of gas-bearing rocks is not
adequately understood in relation to the penetration of comparatively
ductile metal targets by shape dchaygejets. It is widely accepted thaL
the penetration of necals is described by simplistic hydrodynamic prin-
ciples, whereby penetration depth, P, is proportional to jet length, ~,
and the square root of the ratio of density of jet to target metals.
The adequacvof this theory is predicateiiupcmthe verified existence oi a
threshold velocity for penetration of each target me:al, or combination
of target and jet,such t“natjet length.L, is rccko::edby ~xcluding
material having velocity below the threshold. For a copper jet penetrat-
ing steel, tIW thresil~ldof 2.0 kmis is quite m,:aningful. The next
important question for cur experimental investigation of the low penetra-
bility exhibited bv rock is the presence and ~agcitude of a threshold
velocjty. The tecimiques and devices reported above now enable us tc
proceed to investi~dtc tilismatter productively.

Standoff

Another factor known to influence the penetration of metals by
shaped-char~c jets is th~’separation kctween the iaccs of the c!largeand
target, or standoif. In wellbore applica~ions, standoff of !!!orcthan a
few cm would call for special empl:icement~c~sui~s such as underreaming.
The influence of stsndcff upun t!w pcrfcrcxmcc 0: jccs, particularly
those of uranium metal, in penetrating rock remains to be established,
and the status of our investi~ations now permits this to be done
effectively for our designs.

Mechanics of Rock Penetration—.

Prior studies of the penetration of rock4~’, mostly by jets of
copper and iron, have indicatud the operation of several mechanisms
associat.cdwith production oi tl~cIloleinto t;~er{)(.k.These include:
(1) primarily latcr:lldisplacement and re.arr:lrlxcmcntf~fthe m{itrixoi
porous rocks, so as LCJreduce the porosity and accorwdate the macro-

-7-



scopicelly displaced msteria close tu the hole without introducing
s~ificanc residual stresses (2) ejection of excess ❑aterial in an
enmular countercurrent surrounding the central jet: and (3) cmbrittlc-
-t end introduction of strain energy into the deformed rock, which is
later relieved spontaneously by crumbling in hard, nonporous rocks in
t.k regions of a cone-shaped entrance crater and along the unstable walls
of the hole. The latter two effects are more ~xtreme. These mechanisms
relate Lo the state of the rock-hole interface after the penetration,
& indeed to the flw capacicy between the penetration and a surrounding
homogeneous formation. However, the intended application of jets in
tight formations is dependent upon intersecting of secondary natural or
s~aequently induced fracture channels, so the direct, localized effects
upon the rock matrix will be bypassed. What remains to be understood is
the relation between the alteration mechanisms manifested in the remain-
ing rock and the dynamic resistance to penetration.

We expect to make progxess in computationally modeling the dynamics
of rock penetration by jets, but the realism of chc models will be
subject to verification by the obsen?able geometry of the holes and
microstructural alteration of the adjacent rotk.

1.

2.

3.

*.
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FIGURE CAPTIONS

Figure 1 Grout blocku and shaped charge assembliesfor test of jet
penetration.

Figure 2 2 cm diam hole made in entry face of eifihthblock, 2.13 m
(7.00 ft) into stack sh~ in Fig. bby 14 cm dim h’~mfs-
pherical charge with 3.0 mm thick uranium liner. Total
penetration was 2.75 m (9.02 ft).

Figure 3 Dependence of grout penetration upon uranium liner thickness
for 14 cm diam (5 1/2 in diam) hemispherical shaped charges.
First experiment with 3.0 mm (0.119 inch) liner, shown with
upward arrow, penetrated 3.05 m (10 ft) stack completely.
Solid point represents test in Figure 1.

Figure 4 Penetrations into ~rbonaceous Devonian shale cores by 32 mm
(1.26 inch) diam commercial perforator charge (copper-lined
cone, for 3 1/8 inch gun, API RP-43, Sect 11 Berea Penetration.)

Figure 5 Section of 10 cm (4 inch) “square” shaped charge design having
tapered uranium liner. Initial configuration of steel-jacketed
HMX explosive is shown centered in 15 cm (6 inch) circle, with
computed liner contours before firing and during jet formation
at 20 US and 30 ‘Asafter firing.
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Uaterial

TABLE I: JET PENETRATION OF DRY TARGET MATERIALS
BY 32 M DIN PERFORATOR CHARGE

P ‘o
Penetration Depth

glcm~ MPa(lcai) — am

Appalachian Devonian
Shale A 2.5S

{

57 (8.3) Il~a 140
Shale B 2.65 109(15.8) 1)) 150

Antrim Shaleb 2.37 165

Limestone 2.72 125
(Nevada Test Site)

Fe304/Cement Grout 2.50 3.4 (0.5) 356

FeP/Portland Grout 3.62 60 (8.8) 195

%fean data from Ref. 10 for same brown shale interval of core from
offset well in Tincoln CO, NV (Columbia Gas Transmission CO. #’s 20402
and 20403); and ]] and ~ denote parallel and perpendicular Orientations
respectively, if bedding planes to compression axis of samples.

b
Core specimens furnished by Dow Chemical Co., Midland, MI.

---

TABLE II: PENETIL4TIONDEPTHS OF SHAPED CHARGES INTO TARGETMATERIAL

ShaE&s Limestone Weak Grout Devonian S!~~lCI—— —

32 mm diam cone 125 mm 356 mm 150 f 10 mm
(standoff/ditun=O.4)

138 mm diam Hemisphere 685 mm 2540 mm 945 t 150 m
(1.5 mm liner)
(1.1 standoff/diam 1.5)

Ratio of Penetrations 5.5 7,1 6,3 ~ 1


